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INTRODUCTLON

Considerable activity has been generated in recent years on fuel
cell research, The work has encompassed many different types of cells,
The major portion of ths work, however, has been concentrated on the lowl)
and medium temperature®/ hydrogen oxygen cells and on the so-called high
temperature gas cell,

No attempt will be made to review the rather Voluminogs literature
in this field since many excellent review papers are available3),

The high temperature cell may arbitrarily be defined as a gas
cell which operates at atmospheric pressure and at temperatures in the
general range of 500-900°C, It operates either with hydrogen or mixtures
of hydrogen and carbon monoxide as fuel gas and usually with air as the
oxidant. This is the type of cell which has excited most interest as a
potential source of Central Station power.

Work on the high temperature fuel cell is now underway at quite
a few laboratories throughout the world. The most extensive and probably
the most successful work has been carried out at the University of Amsterdam
under the direction of J. A. A. Ketelaar4/. Broerss) in particular has re-
cently published an extensive account of the work carried out at Amsterdam.

Work has been conducted until recently on the high temperature
cell at Ehe laboratories of the Consolidation Coal Company. Recent publi-
cations®’ have described some of the experimentel results as well as meEPods
that could be employed for effecting the integration of the cell operation
with the gas manufacturing process. Such integration is essential to realize
the potential advantage of the fuel cell in achieving a high efficiency for
power generation,

The high temperature cell7) ut}lized in this work has been similar
in most respects to that used by BroersS/, The electrolyte used was mixed
alkall carvonates disposed on a specially prepared pure porous magnesia
matrix. In addition to the metal gauzes used by Broers, porous sintered
metals have been used as the fuel electrode and a semi-conducting lithiated
nickel oxide refractory as air®) electrode. Likewise, metal gauzes, and in
particular nickel and silverhave been found to operate satlsfactorlly without
the powdered metal activators used by Broers.,
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The basic problems that remain to be resoclved before the fuel cell
can attain commercial stature are the attainment of a system of acceptable
life and power output, The resolution of these problems could be consider-
ably expedited if a better understanding of the manner in which the cell
functions were available.

The purpose of this paper is to present some thoughts with regard
to the mechanism of the cell action., The experimental work carried out to
date has not been sufficiently extensive to provide positive confirmation
of the theories presented, The mechanism is put forth, therefore, without
adequate experimental proof, in the hope that it may prove useful to other
workers in the field.

EXPERIMENTAL METHOD AND RESULTS

The construction of the fuel cell, the method of fabrication of
the components and the operati?g procedure have been described previously
and will not be repeated here’/, Likewise, some of the experimental resultss!7)
have been presented before although in somewhat different form.

The data presented here serve as a basis for discussion of the
mechanism of cell action, Most of the data given here revolve about the use
of hydrogen as fuel gas, Considerable data have been accumulated also on
carbon monoxide-carbon dioxide mixtures as fuel gas. The power outputs
achieved are, in general, considerably lower than with hydrogen, These data
are not included since the discussion revolves largely about the mechanism
of the hydrogen and air electrodes only.

It is felt that the utilization of hydrogen will be the determining
factor in any potential practical fuel cell system. All fuel gases that would
be utilized in practice would be rich in hydrogen. Due to the relatively poor
performance of the carbon monoxide electrode, the major portion of the carbon
monoxide would likely be utilized indirectly through conversion in situ to
hydrogen by means of the water gas shift reaction. The major distinction in
practice between the low temperature and high temperature cells would be the
ability of the latter to utilize the carbon monoxide even if it is only in-
directly as discussed above.

Operating data obtained with the carbonate type cell are summarized
in Tables IA and IB,

The electrolyte employed in the work reported here was an equimolar
mixture of sodium and lithium carbonates throughout. Carbon dioxide was always
added to the air stream as a depolarizer, The amount used is specified in
Table IA.

The results given in the table are, except for individual cases
noted, smoothed results. The method of least squares was used for this pur-
pose based on the assumption of a linear drop in cell voltage with current
drain, In order to apply this method it was necessary to correct for the
decrease in open circuit voltage due to change in gas composition as a result
of accumulation of reaction products with current drain. The theoretical
voltage was calculated by the application of the Nernst equation. This
figure is listed in Column 4) of Table IB, It is noted that the theoretical
voltage with no current drain could not be calculated since it is effected
by the very small but unknown amount of carbon dioxide in the hydrogen fuel
gas.,
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The application of the statistical method to the treatment of the
results is illustrated in Figures 1 and 2. The dotted lines present the
field in which the experimental data should fall within a confidence limit
of 95 percent.

The fit suggests that the cell operates without substantial
electrode polarization at T00-750°C with porous nickel fuel electrode and
either silver gauze or lithiated nickel oxide as the air electrode.

The above statement must be qualified, however, by‘thé area as shown
for the confidence-limits. . A polarization of up to .06 volts is permitted at
750°C and of up to .08 volts at 700°C,

Another check for polarization is the agreement between the cell
resistance as measured directly by an A. C. bridge and that determined by
the least squares analysis., The agreement is excellent for Run Ag2b at
T50°C, BroersS), likewise, reports excellent agreement betiween calculated
and measured resisStance even at lower temperatures, In the T00°C runs,
however, the calculated resistance is definitely higher than measured. This
does not necessarily indicate polarization, however, as will be shown later..

No realistic comparison could be made between measured and calcu-
lated resistance in many of the runs shown. Tals 1s because the open circuit
voltage falls in some cases below the theoretical value. This is attributed
to limited mixing of the fuel gas and air through microscopic cracks in the
ele:crolyte matrix. Such cracks were oovserved after the runs were completed.

A Tew other interesting observations can be made. Silver is seen

~to be a Tair hydrogen eleetrode although not nearly as good as nickel. It

is practically worthless, however, as a carbon monoxide electrode.

_Iron does not appear to be as zood a hydrogen electrode as nickel.
The data preqentea are not conclusive on this point, Numerous other data
not presented here all point, however, tc the same conclusions.

) The above discussion is generally in accord with the findings of
BroersS/,

Internal Resistance of the Cell

The hizh internal resistance of the cell during operation is note-
worthy. ©Separate conductivity measurements were made to determine whether
this could be atiributed to some peculiar property of the electrolyte matrix.

Measurements were made with the matrix loaded with an excess of the mixed
carbonate melt, Two Tlat silver gaskets were used as electrodes. An averase
value of the res*st*nce/vﬂ of 0.7 onm was found in the temperature range of
700-300°C, Tne expected value from the thickness and porosity of the matrix,
0.2 cm and 23% respectively, and the specific conductivity of the melt 2.9
ohn~! cm is only 0.25 onm, Even s0, the measured value is smeller by a factor
of T7-10 than that observed during cell operation, Broers also found a similar
high resistance during cell operation,

Tne high ratio between the resistance measured during cell operation
and the inherent resistivity of the elecirolyte matrix can be taken to have
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the following significance. The melt inventory must be adjusted until a
small area of contact is maintained between the electrode and the electrolyte.
This may ve required to maintaino proper access of the zas to the electrode
surface, and greatly increases the effective resistance of the electrolyte

if the contact area is sufficiently small.

Considey for example, an idealized model where the electrode main-
tains symmetrical square areas of contact having individual areas A2 ard a
spacing between contact area d as shown in Figure 3.

The effective resistance of a.cell containing two such idertical
infinite plane square mesh electrodes separated by an electrolyte of thickness
may be caleculated by a solution of Lapluces equation which relates the
potential V to the position ir the electrolyte

@32V = ¢

The calculation desired is the potential drop across such an electrode system
as a function of the current density T and the specific resistance K. 7This
can then ve compared with the potential drop across plare flat electrodes.
The appropriate boundary conditions and solution of the above partial dif-
ferential equation for this particular case was given previous];/eb and is
omltted here for the sake of brevity. The solution is shown gzrarhically

in Figure 4 where the ratio Rerp/R is Dlotted as a function of <£/d with

4/d as a parameter. Repp/R is the ratio of the effective resistance to the
resistance obtaining in the case where one has plane flat electrodes.

It is noted, for example, that the experimentally observed raulo
,ff/R of about 8.0 could be explained if the spacing d is about 3.2 x 102
and A/d = 1.8 x 1072, The above corresponds to an. £/d ratio of 6.3 v}:ucb.
is in accord with the electrolyte thickness of 2 mm used in our work, It is

interesting to note that such a situation corresponds to confining the electrode

reaction to omly 3.2 x 10~* cm?2 per square centimeter of electrolyte surface.

The effective resistance ratio is very much a function of the spacing
between contact areas. It is clear from Figure i that the resistance drops
markedly for constant fractional active area as the spacing decreases. The
importance of this factor in optimizing cell design 1s obvious.

Another way of illustrating this point is to repeat the same calcu-
‘lation with a different geometrical pattern. This was done with a parallel
wire type electrode as shown in Figure 5. 'Such a system would correspond to
the "hypothetical" case of a wire gauze electrode where none of the cross
vwires made contact,

Laplaces equation for this case was solved with the following
pertinent boundary conditions:

o = TR . -)(or X=— to + 4

= O ')('°" X= ‘%b—%
an ol )(‘-'-"‘éé_~é d/z.
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+ was assumed again for gimplicity that both electrodes were identical.
The solution is
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where r = A/d and R is the speciflc resistance.

The fractlonal area covered in this case is A/d as against (A/d)2
for the square mesh electrode. The points therefore were plotted with this in
mind such that (a/d}¥2cor. the parallel wire type electrode corresponded to
s/d for the square mesh type._- .

. It is readily seen that.the parallel wire type electrode can tole*ate
a nuch gmaller contact area without a large increase in cell resistance. Again

Atne desirability of malntalnlng close spacing between contact points in cell

sign is enrohas:. zed

Sincelthé actual area of contact during.operation of our cell was
unknown one camnot state definitely that this is the major cause of the high
resistance observed. Rather it seems likely that the low melt inventory
itself may ve partly ‘responsible by causing part of the electrolytic conduction
to be effected through small zones of extremely thin layers of melt.

As will be shown later, however, i1t is possible in principle to have
a-relatively low resistance as measured with an A. C. bridge and an effectively
high resistance during cell operation as a result of the electrode reaction
being concentrated in a very small area.

Maximum Rate of Electrode Reaction

) The electrode reaction as mentloned above must be concentrated in

a very small ‘area due to the difficulty of providing acess of the gas through
the three phase limit where electrode,electrolyte and gas meet. The minimum
area required may be estimated as follows. The electrode reaction can certainly
not take place, in the limit, any faster than gas molecules striking the metal
surface can be adsorbed. Portunately, Eyring®/ has provided us with a method

" of estimating this rate using his theory of absolute reaction rates, For the

case where gas molecules strike a surface to form an immobile dissociated adsorbed
film, Eyring gives the e€quation

o _#1/ e" E;/m_

. é,e L. .
VAR S Al ey o oy ey A C )

vhere Vi 1s that rate of adsorption in molecules/cm? sec and Ey 1s the activation
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energy of adsorption. If we use 4= L and Cq = 10%° sites/cm2 as suggested
by Eyring ome calculates the adsorption rate for hydrogen as

S TSR
77 ?7,.,, w & H70/S /c,,, Ko

] ‘/".’/4"

/

(%)

Thus, if E; is small, i.e., equal to 3000 cal/mol, the encothermic heat of
solution in nickel, the rate can be as large as 130 mol/cm2 sec at 750°C,

The above rate is sufficiently large such that a current density of 100 ma/em?
could be achieved on a surface as small as 4.0 x 1072 cm2/em2 of electrolyte
area. Such a concerntration of the electrode reaction, however, would , in
view of the preceding considerations, cause a very considerable increase in
the effective resistance of the cell.

. In the case of the air electirode, under comparable assumptions, the
maximum rate of the electrode reaction would be somewhat smaller due to the
lower partial pressure and the higher molecular weight and moment of inertia
of oxygen. Even so a rate of the order of 1 mol/cm2 sec 1s possible 1in this
case.

The Three Phase Limit

It is obvious that some mechanism must be in force for broadening
of the three phase limit. Otherwise two deleterious factors come strongly
into play, i.e., activation polarization as a result of concentrating the
electrode reaction on a very small area and the concomitant high effective
resistance discussed above,

Three mechanisms may beicited, diffusion of the gas through a thin
film in the neighborhood of the interface, permeation of gas through the bulk
electrode metal and finally surface diffusion across the electroce surface.

The first seems unlikely even though data on the permeztion of gases
through: salt melts at high temperatures is unavailable.

Some data are available, however, on the diffusion and permeability .
rates of hydrogen and oxygen through aqueous solutions of electrolytes.,  For
example, the diffusion constant of hydrogen through 20% NaOH solutionl®/ is
reported as about 10-5 cm2/sec at 25°C. The solubility Co is of the order
of 2 x 10”7 mols/cc at atmospheric pressure. The rate of transport of hydrogen
to the electrode surfaceperundt area through an electrolyte film of thickness
d is thus

where C is the concentration at the electrode interface. The exposure of
as much as 1 cm? of surface to a thin film. of electrolyte per cm® of elec-
trolyte area seems rather urnlikely with electrodes of the type used in this
work. Even so one calculates in the above case that the average thickness
of electrolyte film would have to be less than 6 x 10~® cm to maintain a
current density of 100 ma/cm2.

Corresponding data are absent of course under conditions where the
“high temperature cell operates but it is not likely that the permeability of
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throuzh salt melts would be any higher due to'a probably very' low

i1ity of zases It would be interesting of course to obtain -

Data are availlable, however, from which the rate of permeation of
gases through metals can be ca.lcula.ted
bility of hydrogen in nickel and iron are those of Armbruster*l’,
gives corresponding data on the diffusion cqnsta.nt of hydrogen in- nlckel
Cormbiningz the two sets of data, one finds - the pemeation rate of
through nizkel at atmospheric pressure P = DCo = L 46 x- 10

mols/en? sez,

Probably the best.data on the solu.-

The permeation ‘rate at 750° ¢ s thus 2,37 x 10'9

‘molsfen? ‘set/am o greater by a. factoriof. 1
throuca elecirol yte solutions a.t room uempera.ture. .

’s.han the_ pemaxioa af byd.rogen,

"oncerned with an ezamination of the

"me rest cf this m.per i
peraeation of zases throu:,h the metal-el ectrodes as_a mechanism for broad,enlnv
the three phase llm:.t

Some consideration 1s given also for the last mechanism. S

Permeable rIeta.l Gas Elac»rades

. - ‘simpl.“ied mod.el ‘ean be set up of the m.eta.l electmlyta contact
suck that the praoblem of-a penneable métal -electrode -reaction- can be itreated

mathematically.:

“Such-an 1dealized model is’ represented. graphically, in Flgure .

6.. Here a cross section ‘of the-contact bétween the electrode and electrolyte ~
matrix-is representéde:s
granule. of ‘radius r, . of the ‘porous metal electrode:.or of a cylindrical wire
of the .same radius for the.cage.where a.wire gauze electrode is used. )
va.nule"‘, represents the ‘portion of the.cross. séction where comtact.is main-_ B
ta;.nea .}etween the electro}.yte and the: metal electrode surface. .

-The .cross..section represents: either a spherical metal

’ It Is now necessary to make assumptlons relatlve to the rate con-
urolllno processes.
It is assumed, therefdre;- that the rate of’ solution of-gas into the metal is

.controlled by

“These musi be made’ primarily on a basis of ' 'reasonableness’

the rate.of penetration of the gas from an .adsorbed. layer of -
Similarly the rate of dissolution 1s controlled'by the -

dissociated atoms.
rate at which the zas penetrates the metal surfa.ce to- form the same adsorbed

Tayexr

m‘@e*lmenta.ll" it is” known the rate of solution and dissolution of

gas’ in metals
netal bulk*2),

is very rapid relative to the rate of permeation through the’
No information is available, therefare, on the rate deter=
The experimental facts are also

minlng stev Tfor adsorptlon and desorption.
consistentwith tbe nypothesis that the dissolved gases are present in dissociated
form when dissolved in metals. .
sidered as being present in dissociated form.

" Two
adsorption is
centration in

‘The adsorbed layer may therefore also be con-

further assumptions are now required, namely, that the rate of
very rapid relative to the rate of solution such that the con-
the adsorbed layeris in: eguilibrium with gas phase. -

it is. assumed that the electrode reaction involves the adsorbed layer and

agdin. this is

‘vexy -rapid relative to the rate of desorption from -the metal

‘bulk, Thus again, the equllibrium electrode potential is maintained as deter-
mined by the concentratlon in the adsorbed layer. .
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Since the electrode must be at constant potential, it follows that
the concentration of the adsorbed layer must be constant at all points within
the electrolyte. This concentration C; may be considered to be equivalent
to that in equilibrium with gas at a pressure P, in atmosphere, i.e., Cp =

Co I Pi. similarly, the concentration of the adsorbed layer in the area
outside of the electrolyte Cg, must be constant n equilibrium with pressu.re
of gas existing in the gas phase, il.e., Cg = Co [ Pg. Co 1s the concentration
in equilibrium with 1 atmosphere of gas.

The rate of permeation of the gas through the electrode may be ob-

tained by solution of Ficks diffusion equation., For steady flow this reduces
to

D V‘c =0
, (5)

The boundary conditions for solution of the above equation based on the above
assumptions are:

pe%l - -A(e-c) Yo B U
s(£). - hle)  VHET

where k 1s the rate of desorption of the gas from solution in the metal and
C 1s the concentration of gas in the metal.

We obtain two solutions for the two cases considered:

a) Spherical Electrode Comtact

L= (ci 4€, Z f-![’Z-C’,)# (;w)(c;—(.’)z [ﬁf‘) mn‘_]ﬁl-\') -
<

A (e )

where x = cosPand h = cos Y

and Pp Cﬂ)are the Legendre polynomials of the first kind.

F= WA,D(_Q;CI)X-;
(M
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where
o0

| o Crust- Bt]™
X, = é%),.,z, ITDICESD @

The flux F above is the total flow of gas through the metal electrode -
surface and is obtained by the integration

_ o
2 ac it At
= — T D] i’
F y C:Vz. fres,

(9)
Fow the flux F must equal the current flow so that we obtain
Py (/— y.’l/X. = L
N7r/ll Pa ,3 1 ) ?6{00"7
- : . (10)

where A is the current density in amps/cm®, N is the number of spheres
making contact/cm® area, n is the number of electrohs involved in the electrode
process (2 in the case of hydrogen) and P = DCo is the permeability of the gas
throuzh the metal, The above equation may be used to calculate the extent of
electrode polarization AE as determined by the slow permeation through the
electrode .

.~ . ’[17 £
AL = é?ﬁ} (/f%

(1)

- The maximum current that may be drawn is determined by the value of
A in equation (1Q) whem p; = O.

The basic assumption in the above derivation is that activation
polarization is absent, i.e., the electrode reaction is very rapid. It will
be seen in what follows that a.rapld electrode reaction is a necessity in order
to obtain adequate permeation rates in any case.

An interesting feature of equation (10) is that the permeation rate
decreases only as the square root of the pressure, This tends to favor this
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mechanism of troadering of the three phase limit in the low pressure rangs,
The extent of polarization is thus proportipmal to permeation rate of the
electrode P and is, as r]_l be seen later, relatively insensitive to the rate
of the electrode process.

b) %nldrlcal Wire Electrode Contact

The solutions of equation (5) are obtaired in this case in exacily -
the same fashion as before, They are given below

' ' ' 1 sy, Ccan
‘C"C; "g(?_f’}hi{é)/j%/Z‘ I";n[ﬂf A )

{

F- D(f;‘c/( L)+ )2 n('n+ 293

VNP%; (’,_'@)Z?' ¢Zj'r;:77 | | ,m)

L #(%)2 5ok

(15)

The form of the above equations is very similar to the spherical case. KN in
this case is defined as the number of cylindrical wires of unit length in
contact with 1 cm2 of electrolyte surface,

It is noted that in all cases the flux factor X in the above eguations

is determined only by the term ( -&% ). The rate constant for the electrode
reaction k is unknown. D

P

AN
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However, it is possible to make some deductions from the experimental
data as to the permissible range of this rate. It is implicit in the above
derivation that the rate of the electrode process k (Cg - Cy) must be less
than the rate of adsorption from the gas phase.

Consider now porous nickel as a hydrogen electrode. It was shown
previously that a maximum value for the adsorption rate at 750°C is of the
oz-der of 130 mols/cm2 sec. For hydrogen in nickel D = 6 x 1073 cm? sec - and

= 3 x 1075 mols/cc at 750°C. Thus for a particle of 65 microns diameter
m.ea.u particle size of the metal granules in the electrode used

hejcro A <20t

- It is therefore clear that for the present very large values of
( 3-‘ ) are not ruled out. Computations of the flux factor X, however, become
very laborous for values of ( i/_q } > 500. Computed values of the flux factor

as a function of the contact angle?'l and the flux factor are shown in Figure 7.

Tt may be shown from the behavior of equation (8) that as #£% increases indefinitely
so does the flux factor. It is seen from Figure T tha¥ X may be extrapolated to
higher values of {( £4/p ) by use of the empiricsl relationship

af%)"

} ’Ihe polarization curves calculated in thisway ﬁ:rsevera.l assigned values
of ( *2r ) and for several immersion angles are illustrated in Figure 8. The

cases shown correspond to perfect contact between the electrode and electrolyte,
i.e., every granule in a close-packed array makes contact.

It may be noted that the polarization curves are readily translated
to different values of P, N, r, and X, Thus, the current density at which an
equivalent polarization is obtained is proportional to P, N and X. For close-
packed array of contacts it is also proportional to ry. For the same number of
contacts/cm® it is inversely proportional to rj. .

The experimental results with the hydrogen nickel electrode showed
that the polarization voltage was less than .08 volts at temperatures above
700°C. It is seen from Figure 8 that such a result can reasonably be achieved
with the permeation mechanism cited although the case is far from proven.

The permeation rate, as noted above, goes down with temperature., Thus
at 600°C it is lower by a factor of 3 and consequently only 1/3 as much current
could be drawn before an equivalent amount of polarization sets in. The earlier
onset of polarization at lower operating temperatures bas been noted in our work .
and by others.
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The polarization curves shown in Figure 8 correspond to rather perfect
contact between electrode and electrolyte. The effective resistance ratio may
be estimated as discussed above. Take for example, the case shown fory¥ = 5°,
the values of A/d., and /4 in this case are .02 and 30 respectively.  Re-
ferring to Flgure 4 the calculated Reff/R = 2.5 which is considerably smaller
than the observed value of 7. In actuality, less than perfect contact may
be anticipated. The case is also illustrated in Figure 8 where only one in
two particles at the electrode surface actually make contact, The predicted
polarization in this case is in accord with that observed while Repp/R Tises
according to Figure 4 to 3.5 which 1s closer to the observed ratio.

One must make one important qualification, however, since it can be
shown that for high values of *"/D) the current is concentrated over a relatlvely A
small fraction of the total contact area, Thus the effective resistance ratio
would actually be greater than the value estimated above. . |

As a matter of fact, a peculiar feature of this treatment of the
electrode, process i1s that an extremely rapld electrode reaction causes it to
be concentrated in a small area and thus increases the effective internal re-
sistance of the cell. '

The iron electrode may be evaluated in a similar fashion. The per-
meability of hydrogen through iron from the data of Smithells and Ramsleyla‘)
may, be described by the following equation i

- -9800
Po = 2.0L x 10" € —R¥—  mols/cm® sec/em. Thus,

Po at T50°C is equal to 1.8 x 107% which is very close to the value for “he
permeability of nickel. On this basis its performance as a hydrogen electrode
should be very similar to nickel which is in accord with the facts.

The relatively poor performance of carbon monoxdde electrode may be
ascribed to its low permeability through the metal electrodes,

We will now turn our attention to a discussion of the silver electrode.
This electrode was used both as a hydrogen and air electrode in the form of wire
gauze. We therefore use equation (15) to discuss this case. The variation of
the flux factor X with (%‘-) using the contact angle as parameter is shown in

Flgure 8 . Again the flux factor may be extrapolated to higher values of (‘%ﬁ )
by means of the empirical equation

r-alt)

The Justificatlon again is the behavior of equation (15) which shows that X
increases indefinitely as ( - B‘__ ) increases. As a matter of fact it may be

shown that equation (15) takes the form

Q L2
2 I V74 (16)
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. The above series diverges and thus X,becomes infinjte.

(42 ) o

Likewise 1t may be shown the current is concentrated in an in.fj.nitely small area.
The permeability of oxygen through silver was measured by Johnson and
LaRose, Their results may be expressed by the equation

SO 11.2

T
8:. 6.2%X/0 & : and shows a value for

Po of 9.3 x 1071 mols/cm? sec at 750°C. The. diffusion- coefflcle)mt may be ob- -
tained by combining the solubility data of Steacie and Johnson®5/ with the

above permeability data. Thus the value of D at 750°C is 9.5 x 107® cm2 sec™?,
By the same argument as was developed previously for nickel we find than the
maximum possivle value of ’Dl“ = T x 107, The maximum current that can be
drawn in air under the assumption.that all wires contact the electrolyte matrix
throughout their length can now be computed for various assigned values of (-*Q—r )
These fijures are shown in the table below'

Short Clrcult Cu.rrent For - .
.30 Mesh Silver Wire Gauze n.lectrode r; = T x108 cm

Contact -~ - X3 - Short Circuit
Anzle o D .. Current mafcm?
12,8° . 2000 . 5.0
1,28° Lo 2000 : 2.8
1.28° T x 107 k2,0

‘It is now seen that permeation through a silver air electrode is nowhere

sufficiently fast to.explain its performance,

Similar considerations may be made with regard to the silver hydrogen

" electrode. Accurate data are. not available for the permeation rate of hydrogen

through silver. The indications again are, however, that it would be in-
sufficient to explain its performance as a hydrogen electrode.

To resolve these discrepancies, it is necessary to assume that the
permeation rate through a thin surface layer of the metal is much greater
than through the metal in bulk, ZEquations may be derived for this case in
a similar manner to the bulk permeation case treated above. The result,
for example, for rapld permeatlon through a thin surface spherical she]_l of
thickness A is given below

N ~”. . -c' X‘
F= \TF&.D(% ) X5 an

&)Z o[t~ Butt]

. \ (p?ku-//(b? +

AD(HI)> _ (18)
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Thus, the form of the equation is identical to that for tulk dif-
fusion with the only change bpeing in the flux factor X3. The dependence of
the polarization voltage on the system variables is thus identical.

In conclusion, the performance of the nickel and iron electrodes
can be explained on the basis of the bulk pemmeation rate through the metal.
The silver electrode performance required the introduction of the comcept
of accelerated surface diffusion. FPFurther experimental data are required
to determine whether variation of cell performance with system variables such
as gas concentration behaves in the predicted fashiom. .
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A. CONDITIONS OF RUNS
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Table I

Summary Fuel Cell Performance Data

Run No. Temp. ,°C Fuel Electrode ~ Air Electrode - Fuel Gas Comp.
Ag-2a Too "D" Porosity 80 Mesh 97% Ho-3% H20
Porous Nickel Silver Gauze
Ag-2b 750 " " "
A8-20 800 " " N n
Ag-12 750 w u “
Ag-13 800 Fe Powder on "D"
Porosity Stainless
Steel . " "
N-6 T00 "D" Porosity Porous Lithiated
Nickel Nickel Oxigde "
N-16 750 - "D" Porosity Lithiated :
Porous Nickel Nickel Oxide "
Ag-TB 825 80 Mesh 80 Mesh
Silver Gauze Silver Gauze "
Ag-TC 825 " " 200 -1 COs

% COp in Air
16.6

16.6
16.6
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Table I

Summary Fuel Cell Performance Data

B. CURRENT DRAIN BEHAVIOR

Voltage Specific Resist..ohm cm
Current Density Calc, Open
Run No. ma/cm? Measured Circuit Measured Calculated
Ag-2a 0 : 1.216 - 6.4 9.1
30 0.918 1.191 L Jr
65 0.578 1.170
Ag-2b 0 1.250 - 5.2 5.3
30 1.012 1,180
65 0.T8L 1.128
100 0.572 1,100
127 C.h26 1.076
Ag-2c 0 . 1.170 . - 7.6 -
65 0.625 1.191 l -
100 0.418 1.160 : -
Ag-12 0 1.180 - Tk
: 35 923 1,184 -
65 .680 1.145 +
Ag-13 Q 1,143 - b.2 -
32# 0.832 1.206 3 -
Ag-TB o] 0.181 0.931
10% 0.140
N-6 0 1.230 - 7.3 1.1
30 0.872 - 1.212
65 0. 440 1.165 ‘L
100 0.030 1.138

*  Actual experimental points.
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Figure S. Diagram of Parallel Wire Type Electrode

Figure 6. Diagram of Electrode Contact
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